Quiescent mammalian ®broblasts can be induced to reenter the cell cycle by growth factors and oncoproteins. We studied the pathway(s) through which v-Src, the oncogenic tyrosine kinase encoded by the v-src oncogene of Rous sarcoma virus, forces serum-starved NIH3T3 cells to enter S-phase. To this purpose, we isolated and characterized a polyclonal population of NIH3T3 cells transformed by the MR31 retroviral vector, encoding G418 resistance and the v-src temperature-sensitive allele from the mutant ts LA31 PR-A. NIH(MR31) cells displayed a temperature-conditional transformed phenotype and could be made quiescent by serum deprivation at the restrictive temperature. Serum stimulation or thermolabile v-Src reactivation induced entry into Sphase to a comparable extent, although with dierent kinetics. The data suggest that v-Src mitogenic activity involves early activation of the Erk1/Erk2 MAP kinases with very little tyrosine phosphorylation of the Shc adaptor proteins at least during the early stages of v-Src reactivation and that v-Src-induced S-phase entry was strongly inhibited by drugs aecting MEK or PI 3-kinase. Our results also suggest that down-regulation of gas1 gene expression plays an important role in regulating the eciency of entry into S-phase triggered by reactivated v-Src and that Gas1 down-regulation does not require PI 3-kinase dependent signals.
Introduction
Normal mammalian ®broblasts such as NIH3T3 cells display a tightly regulated growth control: upon serum starvation and/or reaching high cell density, they can reversibly enter a quiescent state, also called G0. Quiescent cells activate the expression of a speci®c set of genes, collectively referred to as gas genes, for growth arrest speci®c genes (Schneider et al., 1988) . Stimulation of quiescent cells by serum or speci®c growth factors induces re-entry into cell cycle, with the concomitant down-regulation of gas1 expression (Schneider et al., 1988) . Conversely, ectopic expression of Gas 1, a membrane-associated protein, has been shown to block the G0/S-phase transition, without interfering with the early serum response (Del Sal et al., 1992) . Gas1-induced growth arrest appears to be mediated by p53, with no requirement for its sequencespeci®c transactivating function (Del Sal et al., 1995) .
Ample evidence documents that positive signalling from growth factors and oncogene products very often involves the activation of a major biochemical pathway known as the Ras-pathway (Kazlauskas, 1994; Marshall, 1994; McCormick, 1994; Schlessinger, 1994) . In order to activate this pathway, ultimately leading to Sphase entry, transduction of signals generated at the cell membrane is needed and performed by adaptor molecules that mediate speci®c protein-protein interactions. Indeed, mitogenic signalling by many growth factors receptors and by oncogenic tyrosine kinases is associated with tyrosine phosphorylation and activation as well as recruitment of adaptor molecules such as Shc and Grb2 Rodrigues and Park, 1994; Rozakis-Adcock et al., 1992) . Subsequent events involve the activation of Ras, followed by the Mitogen Activated Protein (MAP) kinase cascade and the induction of proto-oncogene expression, among which c-jun, c-fos and c-myc (Karin, 1994; Marshall, 1994 Marshall, , 1996 Seger and Krebs, 1995; Treisman, 1996) .
It is well established that v-Src, the product of the vsrc oncogene, can act as a powerful intracellular mitogen and that the Ras pathway is constitutively activated in v-src-transformed cells. Interference with either Ras or MAPK kinase function prevents cell proliferation and maintenance of v-src-induced transformed state (Cowley et al., 1994; Smith et al., 1986) . In several cell system models, reactivation of thermolabile v-Src in quiescent cells is sucient to induce exit from G0, entry into S-phase, mitosis and cell division. These events appear to be linked to MAP kinase activation and increase in AP1 activity, that may not depend on increased c-jun or c-fos transcript accumulation (Catling et al., 1993; Fincham et al., 1996; Welham et al., 1990) . It is also known that Shc phosphorylation is rapidly induced upon shift from the restrictive to the permissive temperature in asynchronous cells expressing temperature-sensitive alleles of the v-src and v-fps oncogenes .
To better elucidate the v-Src mitogenic pathway in quiescent cells, we have investigated the G0/S-phase transition as triggered by reactivation of a thermosensitive v-Src protein. Accordingly, NIH3T3 cells were transformed by a retroviral vector encoding a temperature-sensitive mutant allele of v-src. These cells displayed a temperature-conditional transformed phenotype and could be made quiescent by serum starvation at the restrictive temperature. We show that reactivation of v-Src in quiescent cells induced DNA synthesis that involves early activation of the MAP kinase cascade, at least up to the phosphorylation of Erks, with very little Shc tyrosine phosphorylation. We also show that reactivation of v-Src in quiescent cells induced down-regulation of gas1 expression with kinetics dierent from those induced by serum and that, while induction of S phase entry by reactivated vSrc requires both phosphatidylinositol 3-kinase (PI 3-kinase) and MAP kinase kinase (MEK), the pathway through which Gas1 is down-regulated by reactivated v-Src does not involve PI 3-kinase. The present data strongly suggest that Gas1 levels in¯uence the eciency of re-entry into cell cycle also in this particular experimental setting and that the signals from reactivated v-Src to induction of DNA synthesis and gas1 gene down-regulation are transduced through distinguishable pathways.
Results

Transformed phenotype and mitogenic stimulation by v-Src in NIH3T3 cells
NIH3T3 cells were infected with either the retroviral vector MDR1, carrying the G418 resistance gene, or its derivative MR31, in which we inserted the temperature sensitive (ts) mutant allele of v-src from ts LA31 PR-A (see Materials and methods). The polyclonal population of phenotypically normal NIH3T3 cells, generated by selecting MDR1-infected cells with G418, is referred to as NIH(MDR1). MR31-infected cells were selected in two steps, by an initial cultivation in 0.5% serum medium, followed by several passages at the permissive temperature (358C) in a 2% serum containing medium (DF2), in order to obtain a homogeneously transformed polyclonal population, referred to as NIH(MR31). The transformed population, generated as described, displayed a tight temperature-conditional transformed phenotype, as assessed by the analysis of actin ®lament organization, anchorage independent growth and growth factor requirements for proliferation both at permissive (358C) and restrictive (39.58C) temperature (our unpublished observations). As previously described in other ts-Src transformed cell lines (Catling et al., 1993; Fincham et al., 1996; Welham et al., 1990) , serum starved, quiescent NIH(MR31) at 39.58C could be induced to enter S-phase simply by reactivating v-Src at 358C in low serum medium (0.5% FCS) (Figure 1a) . We studied the kinetics of entry into S-phase induced by v-Src alone compared to that followed after serum stimulation. NIH(MDR1) and NIH(MR31) were serum-starved at 39.58C, as described in Materials and methods; after 48 h (T=0), cells were shifted to 358C in high or low serum. The percentage of cells in S-phase was assessed every 3 h by a 1 h 5-Bromodeoxyuridine (BrdU) pulse labeling; the data in Figure 1b show that entry into S-phase started after a 9 h lag. Upon shift-down, serum stimulated cells displayed the highest level of BrdU incorporation, peaking at 21 h (around 80% BrdU positive nuclei). Cells stimulated by reactivated v-Src in low serum, instead, followed a signi®cantly dierent and slower kinetic of entry into S-phase (only 60% of BrdU positive nuclei at 24 h).
Early events in mitogenic signalling by reactivated v-Src
We investigated whether Shc protein phosphorylation, possibly mediated by a direct interaction with v-Src, might represent an early event in the mitogenic signalling by reactivated v-Src in quiescent cells. To this purpose NIH(MR31) were starved at 39.58C in low serum and the phosphorylation state of shc products was assayed at 0, 4 and 48 h after shiftdown in low serum. Cell extracts were immunoprecipitated with anti-Shc antibodies and precipitated proteins were immunoblotted with anti-phosphotyrosine or anti-Shc antibodies. Figure 2a shows that Shc proteins from serum-starved NIH(MR31) cells at 39.58C (T=0) displayed a basal level of tyrosine phosphorylation that did not appear to change upon a 4 h shift-down. The relative amount of total Shc proteins was comparable among the samples. Forty- Kinetics of S-phase entry after mitogenic stimulation. Cells, serum-starved at 39.58C for 48 h (T=0), were treated as indicated in the ®gure and cell cycle progression was monitored by a 1 h BrdU pulse labeling at the indicated time points. HS denotes samples from cultures stimulated with 10% FCS; LS denotes samples that did not receive FCS eight hours after shift-down, Shc proteins were found strongly phosphorylated on tyrosine residues ( Figure  2a ), as also observed in proliferating cells at the permissive temperature (see Figure 2b ). The analysis of overall protein tyrosine phosphorylation by the ts v-Src kinase showed that there were only minor dierences in the pattern of phosphotyrosine containing proteins at 4 and 48 h after shift-down (Figure 2c) .
The above results appear to be dierent from those previously reported by McGlade et al., (1992) , who suggested an early, direct phosphorylation and regulation of Shc proteins by reactivated ts v-Src. These discrepant ®ndings might be ascribed to either the dierent cell/v-src allele systems or the dierent experimental conditions used: NIH(MR31) versus RAT1(LA29) on the one hand, reactivation of v-Src in quiescent cells in the absence of growth factors versus v-Src reactivation in the presence of growth factors, on the other hand. To assess the role of these dierences we carried out shift-down experiments in which NIH(MR31) were maintained 48 h at 39.58C in 10% FCS (T=0) and then shifted to the permissive temperature for 4 or 48 h in HS. Cell extracts from the indicated time points were immunoprecipitated and blotted as described above. Figure 2b indeed shows that, in these conditions, the basal level of tyrosine phosphorylation of Shc proteins (T=0) had increased by 4 h after shift-down; at 48 h after shift-down the levels of phosphotyrosine in immunoprecipitated Shc proteins were comparable to those detected in T48 low serum as well as in cells continously growing at 358C. The latter data con®rm results previously reported , i.e. v-Src reactivation is followed by an early modi®cation of Shc products, but they show that this result can only be observed when high concentration of serum is present, thus suggesting a cooperation between the oncoprotein and serum growth factors.
It might be argued that the inability to detect Shc protein early phosphorylation, in cell extracts from shift-down experiments in low serum, was due to the asynchronous cell cycle entry triggered by reactivated v-Src (Fincham et al., 1996 ; see also Figure 1b ), as compared to the synchronous induction into cell cycle by high serum concentration. To elucidate this point we investigated the kinetics of activation of Erk1/Erk2 MAP kinases, known to be activated in response to mitogenic stimuli as well as to v-Src (Fincham et al., 1996) . Total cell extracts, from a shift-down experiment in low serum, were analysed by immunoblotting with an anti-phospho-MAP kinase antiserum, to detect activated Erks. Figure 3a shows that phosphorylation of Erk1/Erk2 was very low in serum-starved NIH(MR31) at 39.58C (T=0). However, 30 ± 60' after v-Src reactivation, there was a rapid increase in Erk1/ Erk2 phosphorylation, followed by a substantial decrease at 2 and 4 h. The high level of Erk2 phosphorylation at 48 h after shift-down is partially due to the higher amount of protein in that lane (Figure 3b ). The transiently increased levels of Erk1/ Erk2 phosphorylation between 0 and 4 h were not dependent on varying levels of total Erks. Parallel analysis to assess tyrosine phosphorylation of Shc proteins indicated that the level of phosphorylated Shc did not signi®cantly vary during these time periods (data not shown), compared to the starting basal level and the heavy accumulation of phosphorylated Shc at 48 h after shift-down in low serum. These results do not exclude that a low level of Shc phosphorylation, undetected by the IP/immunoblot approach used here, might be sucient to achieve Erk1/Erk2 full activation. It is nevertheless noteworthy that asynchronous Sphase entry after v-Src reactivation does not appear to depend on inecient Erk1/Erk2 activation.
Gas1 regulation in ts v-Src expressing NIH3T3 cells
In principle, v-Src reactivation could activate mitogenic signals capable of over-riding the negative growth regulatory pathway(s), as analysed above, and/or could bypass negative growth control(s) operating in quiescent cells. Accordingly, we analysed the regulation of the expression of gas1, a representative member of the gas gene category, known to be transcriptionally regulated during the G0/S-phase transition and to be involved in growth inhibition (Schneider et al., 1988) .
As shown in the experiments described above, serum-starved NIH(MR31) undergo growth arrest at 39.58C. We therefore measured gas1 expression in these cells and in normal NIH(MDR1) both under serum starvation and upon G0/S-phase transition as a result of serum addition or v-Src reactivation. NIH(MR31) and NIH(MDR1) were serum-starved for 48 h at 39.58C in 0.5% FCS (low serum) and then either left a further 24 h in the same conditions or stimulated with 10% FCS (high serum) or shifted to 358C in either low or high serum. Figure 4 shows the kinetic of gas1 mRNA downregulation at dierent time points after mitogenic stimulation with 10% FCS at both temperatures or after temperature shift-down in low serum of quiescent NIH(MR31) and NIH(MDR1) (T=0 LS). Normal NIH(MDR1) behaved as expected: gas1 mRNA accumulation was strongly down-regulated during the ®rst 10 h after serum stimulation at both temperatures (T=10 HS), but it increased 24 h after serum stimulation as the culture approached the saturation density (T=24 HS) (Figure 4a ). When NIH(MDR1) were shifted to 358C in low serum gas1 mRNA levels Figure 3 MAP kinase phosphorylation upon v-Src reactivation in quiescent NIH(MR31). Quiescent cells in low serum, prepared as described in the previous ®gures, were shifted to 358C, the permissive temperature, for the indicated periods. Equal protein amounts of cell extracts were immunoblotted with antisera recognizing either phosphorylated, activated p42/p44 Erks (a), or total Erk1/Erk2 proteins (b) v-Src mitogenic signallingremained comparable to those observed at T0 LS. Analysis of total RNA from NIH(MR31) indicates that, while at 39.58C gas1 regulation was very similar to that of normal cells (compare Figure 4a with Figure  4b ), it was dierent in cells shifted to 358C both in low and high serum. gas1 mRNA started to decrease 5 h after shift-down in low serum and reached its lowest level only at 24 h, with a relatively slow rate. Although by this time gas1 down-regulation was still incomplete, as compared to their serum stimulated counterparts (HS), most of NIH(MR31) had entered into cell cycle (see Figure 1a) . Upon serum stimulation (HS), gas1 expression decreased more rapidly, reaching its lowest level during the ®rst 5 h and failing to increase at 24 h as observed in NIH(MDR1). The latter observation is in agreement with the fact that, at the permissive temperature, NIH(MR31) are not contact inhibited for proliferation.
We also followed expression of the Gas1 protein in similar experiments, and the results con®rmed to a large extent the data from Northern blot analysis ( Figure 5 ). Altogether these ®ndings indicate that, even if reactivated v-Src can induce accumulation of up to 90% cells in S-phase in a 24 h period (see Figure 1a ), Gas1 expression remained at higher level when compared to that observed in serum stimulated cells.
The observed dierences in the kinetics of gas1 down-regulation induced by either serum or reactivated v-Src correlated very well with the respective eciency of re-entry into cell cycle (see Figure 1b) , thus suggesting that Gas1 levels may signi®cantly influence, directly or indirectly, the decision to enter the cell cycle and hence the overall degree of synchrony of this process.
The growth inhibitory activity of forced expression of Gas1 in normal and transformed NIH3T3 cells has already been described (Del Sal et al., 1992) . Here we investigated whether ectopic expression of Gas1 could interfere with the G0/S-phase transition induced by reactivated v-Src kinase. Quiescent NIH(MR31) at 39.58C were microinjected with a gas1 expression vector and, after 24 h, cells were shifted to 358C in the presence of BrdU. Analysis of BrdU incorporation was performed 24 h later, and indicated that exogenous Gas1 exerted a signi®cant suppressive eect on mitogenesis induced by reactivated v-Src (Table 1) . These data con®rm and extend the notion that v-srctransformed cells remain sensitive to Gas1-induced growth arrest (Del Sal et al., 1992) , thus supporting the possibility that residual levels of Gas1 in NIH(MR31) after shift to 358C in low serum ( Figure 5 ) could be responsible for an asynchronous entry into S-phase (Figure 1b) . Figure 4 Northern blot analysis of gas1 regulation in quiescent NIH(MDR1) and NIH(MR31) after serum stimulation and/or vSrc reactivation. Cells were made quiescent by serum starvation at 39.58C for 48 h. RNA was extracted from NIH(MDR1) (a) or NIH(MR31) (b) at the indicated time points and the gas1 transcript accumulation was determined. In all the Northern blot assays the same amount of total RNA was loaded and was further checked by using max cDNA as a probe. We could not use GAPDH probe to normalize RNA samples because GAPDH expression appeared to be cell cycle regulated in both cell types (see also Yu et al., 1993) . G indicates RNA from asynchronously growing cells; HS denotes samples from cultures stimulated with 10% FCS; LS denotes samples that did not receive FCS Figure 5 Western blot analysis of Gas1 levels in quiescent NIH(MDR1) and NIH(MR31) after serum stimulation and/or vSrc reactivation. Cells were made quiescent by serum starvation at 39.58C for 48 h. Total proteins were extracted from NIH(MDR1) or NIH(MR31) at the indicated time points and Gas1 levels were determined with an anity-puri®ed speci®c antibody (see Materials and methods). G indicates proteins from asynchronously growing cells; HS denotes samples from cultures stimulated with 10% FCS; LS samples did not receive FCS
-Src
The results reported above indicate that reactivation of v-Src oncoprotein in quiescent NIH(MR31) is followed by early activation of Erk1/Erk2 kinases and by downregulation of Gas1 expression, which ultimately lead to S-phase entry. It has been reported that v-Src and Polyoma virus middle T (mT) can associate with the p85 subunit of PI 3-kinase, and that this event is necessary but not sucient to achieve a fully transformed phenotype (Chan et al., 1990; Dahl et al., 1996; Fukui and Hanafusa, 1989; Haefner et al., 1995; Verderame et al., 1995) , though this interaction is sucient to promote cell growth in low serum in the case of mT-transformed cells (Dahl et al., 1996) . Analogously, PI 3-kinase activation could represent an early event in v-Src mitogenic signalling.
We asked whether interfering with the function of components of the v-Src mitogenic signalling could help to identify pathways involved also in Gas1 downregulation triggered by activated v-Src. Accordingly, we analysed the eect of drugs such as LY294002, a speci®c inhibitor of PI 3-kinase (Vlahos et al., 1994) and PD098059, an inhibitor of MEK activation (Alessi et al., 1995 , on S-phase entry and down-regulation of Gas1 expression upon v-Src reactivation in low serum medium. NIH(MR31) were serum starved at 39.58C for 48 h and then shifted to 358C in 0.5% FCS containing medium with or without inhibitors (for details see Materials and methods); the percentage of cells in S-phase was measured after a further 24 h by 1 h BrdU pulse labelling. Figure 6a shows that both inhibitor treatments prevented, to a large extent, NIH(MR31) from entering S-phase compared to untreated cells. Protein extracts from parallel dishes were analysed by Western blot to assess whether Gas1 down-regulation was interfered with by drug treatment. Figure 6b shows that Gas1 level was reduced after 24 h v-Src reactivation (SD), as expected. After 24 h shift-down in the presence of PD098059 (SD+PD), the level of the protein was lower than in quiescent cells (T0), but still higher than in untreated cells (SD), suggesting that Gas1 down-regulation partially requires MEK activation. The dierence in Gas1 levels between quiescent cells at 39.58C and PD098059 treated cells after shift-down is likely to be accounted for by the dierent residual proportion of cells entering S-phase. Surprisingly, although LY294002 was more ecient in blocking DNA synthesis induced by reactivated v-Src, it failed to inhibit Gas1 down-regulation, suggesting that, while a 58.0+11.9 3.5+4.1 NIH(MR31) incubated at 39.58C for 24 h in DMEM containing 0.5% FCS were microinjected with the pGDSV7-gas1 (100 ng/ml) or pGDSV7-huTR (100 ng/ml) plasmids on the same coverslip. A scratch was made on the glass with a diamond tip to allow identi®cation of the separate microinjection on the same coverslip. Twenty-four hours later temperature was shifted to 358C to activate v-Src, and BrdU was added to the medium. After 24 h cells were ®xed and processed for triple immuno¯uorescence as described in Figure 6 DNA synthesis and Gas1 levels in LY294002 and PD098059 treated NIH(MR31) upon v-Src reactivation. Cells were serum starved at 39.58C for 48 h (T0), quiescent cells were shifted to 358C, the permissive temperature, for 24 h in low serum medium (SD) in the presence of 12 mM LY294002 (SD+LY) or 50 mM PD098059 (SD+PD). DMSO, the drug solvent, was added to the untreated cultures (0.1% v/v). DNA synthesis were measured by 1 h BrdU pulse at T0 and after 24 h temperature shift with or without inhibitors (a). Gas1 levels were analysed by Western blot at the same time points in extracts from NIH(MR31) (b). (c) Gas1 levels in extracts from quiescent NIH(MDR1) without (7) or with (+) LY294002 treatment. All the samples were monitored with a polyclonal antibody to the constitutively expressed CDK2 protein to assess the speci®city of Gas1 down-regulation v-Src mitogenic signalling M Grossi et al functional PI 3-kinase is a necessary downstream component of the v-Src mitogenic signalling, it is not part of the pathway through which activated v-Src down-regulates Gas1. We obtained similar results for gas1 mRNA levels, thus suggesting that these inhibitors do not simply aect Gas1 protein stability, but they modulate gas1 mRNA levels. Analysis of the total tyrosine-phosphorylated protein content after 24 h shift-down by Western blot did not reveal signi®cant dierences between drug treated and untreated cells (data not shown), suggesting that vSrc tyrosine-kinase activity was not aected by either inhibitor. LY294002 treatment per se did not aect Gas1 expression in quiescent NIH(MDR1) (Figure 6c) . Moreover, the PI 3-kinase inhibitor did not interfere with CDK2 protein levels or b-actin mRNA accumulation (data not shown), thus suggesting that Gas1 protein and mRNA down-regulation observed in v-Srcreactivated NIH(MR31), treated with LY294002, does not re¯ect unspeci®c toxicity.
Discussion
In this study, we have investigated the consequences of v-Src kinase activity on growth control, using NIH3T3 cells transformed by MR31, a new retroviral vector containing a temperature-sensitive allele of the v-src oncogene. Upon cultivation at 358C, the permissive temperature, NIH(MR31) displayed a fully transformed phenotype, including rounded morphology, disorganized cytoskeleton and anchorage-independent proliferation. At variance with data suggesting that serum deprivation of v-src-transformed NIH3T3 cells induced a G0/G1 arrest (Yu et al., 1993) , we found that serum starvation of NIH(MR31) at the permissive temperature was largely ineective in causing a growth arrest; indeed these cells maintained a high proliferation rate even in the complete absence of serum growth factors at 358C. Conversely at 39.58C, the restrictive temperature, inactivation of the thermolabile v-Src caused a prompt reversion toward a normal phenotype and proliferation was strictly dependent on serum growth factors as in control NIH(MDR1) and uninfected parental cells. As previously established in other similar cellular models (Catling et al., 1993; Fincham et al., 1996; Welham et al., 1990) , quiescent NIH(MR31), obtained by serum starvation at 39.58C, can be eciently induced to enter the cell cycle by a simple shift to the permissive temperature, where the mutant v-Src is rapidly reactivated. We utilized the temperature conditional growth properties of NIH(MR31) to dissect the requirements for the G0/S-phase transition induced by reactivation of v-Src in quiescent cells. Accordingly, we investigated signal transduction components involved in v-Src mitogenic signalling and we assessed whether downregulation of gas1 expression occurred during exit from G0, as in the case of serum stimulation of normal quiescent NIH3T3 cells (Schneider et al., 1988) .
Analysis of known components of the signal transduction cascade, possibly involved in v-Src signalling, revealed some interesting aspects. Although NIH(MR31) entered S-phase with an asynchronous kinetic upon v-Src reactivation, extensive tyrosine phosphorylation of proteins and transient activation of MAP kinases were evident by 4 h after shift-down in low serum. This implies that the MAP kinase cascade had been switched on by reactivated v-Src alone and, thus, the asynchronous kinetic of S-phase entry (see Figure 1b) cannot be ascribed to a slow or inecient activation of this pathway by v-Src in the absence of serum. Surprisingly, tyrosine phosphorylation of Shc, an adaptor protein presumed to be involved in the early phases of v-Src signalling , occurred as a relatively late event when v-Src was reactivated in quiescent cells maintained in low serum. Phosphorylation of Shc was detected at 48 h after shift-down in low serum or in NIH(MR31) continuously growing at 358C; the level of tyrosine-phosphorylated Shc 4 h after shift-down in low serum was undistinguishable from the basal level detected in quiescent cells. Since Erk1/Erk2 activation was not preceded by a detectable increase in the tyrosine phosphorylation of Shc proteins within 4 h after v-Src reactivation in low serum, we suggest that early activation of the Ras/MAP kinase pathway by vSrc is largely independent from tyrosine phosphorylation of Shc in NIH3T3 cells. Alternatively, a very low level of Shc phosphorylation might be sucient for vSrc-induced activation of the Ras/MAP kinase cascade. Shc activation could be observed in NIH(MR31) by 4 h after v-Src kinase reactivation only when cells had been maintained in the presence of serum, as previously reported in rat ®broblasts transformed by temperature-sensitive v-Src and v-Fps tyrosine kinases . The requirement for cooperation between v-Src and serum growth factors in the early activation of Shc in shift-down experiments is in agreement with the view that late activation of Shc by v-Src in the absence of serum could depend on growth factor autocrine release by NIH(MR31), concomitantly with full recovery of the transformed phenotype.
With regard to the eects of v-Src on the pathway that controls the quiescent state, the results presented here show that expression of gas1, both at the mRNA and protein levels, was down-regulated by reactivation of v-Src with a slow kinetic, that resembled the asynchronous kinetic of S-phase entry, as followed by BrdU pulse labelling. Control experiments in which serum was added during the shift-down of quiescent NIH(MR31) indicated that, in these conditions, gas1 down-regulation and S-phase entry occurred with a prompt, synchronous kinetic, as observed upon serum stimulation of quiescent NIH(MDR1) (Figures 1b, 4 and 5). These data strongly suggest that gas1 downregulation could represent a rate-limiting step controlling the eciency with which quiescent cells re-enter into cell cycle. The interpretation that quiescent NIH(MR31) also require down-regulation of Gas1 in order to transit into S-phase, upon shift to 358C in low serum, was corroborated by microinjection experiments. Forced expression of exogenous Gas1 significantly inhibited re-entry into cell cycle induced by reactivated v-Src. Altogether, these results con®rm and extend previous data (Del Sal et al., 1992) , suggesting that although transformation by several oncogenes induces down-regulation of gas1 expression, proliferation of v-Src-expressing cells can still be inhibited by Gas1 ectopic expression. Further investigation is required to clarify whether the Gas1 threshold
The data presented here clearly indicate that v-Src reactivation negatively regulates a protein, such as Gas1, involved in the maintenance of quiescent state, and activates components of the mitogenic cascade, such as Erk1/2. We asked whether the pathways involved in the mitogenic signals activated by v-Src were also involved in gas1 modulation. Several drugs, inhibiting dierent components of the signal transduction cascade, are now available to interfere with the proliferation induced by various mitogenic stimuli. Two dierent inhibitors were employed to tackle this question: LY294002, a speci®c inhibitor of PI 3-kinase (Vlahos et al., 1994) and PD098059, an inhibitor of MEK activation (Alessi et al., 1995; Dudley et al., 1995) . Both inhibitors were able to interfere, to a dierent extent, with S-phase entry triggered by reactivated v-Src. Gas1 down-regulation by reactivated v-Src was partially inhibited by PD098059, thus suggesting the involvement of MEK, although its precise role remains to be clari®ed. LY294002 treatment revealed an interesting dissociation, i.e. although in these conditions NIH(MR31) were prevented from entering S-phase, Gas1 expression was fully down-regulated. This ®nding implies that, while ectopic Gas1 expression inhibits re-entry into cell cycle induced by reactivated v-Src, down-regulation of Gas1 expression is not sucient to cause re-entry into cell cycle. The dissociation of Gas1 down-regulation from S-phase entry by the PI 3-kinase inhibitor suggests that these events are regulated by distinct pathways or pathway branches, endowed with a dierential requirement for the PI 3-kinase function. Previous studies have suggested that v-Src can stimulate the association and activation of PI 3-kinase by tyrosine phosphorylation of p85 regulatory subunit of PI 3-kinase in chicken embryo ®broblasts and that this interaction contributes to the transforming activity of the oncoprotein (Chan et al., 1990; Fukui and Hanafusa, 1989; Haefner et al., 1995) , although it is not sucient, per se, to induce full cell transformation (Verderame et al., 1995) . Here we provide evidence that G0/S-phase transition induced by the activation of a ts v-Src protein requires the activity of PI 3-kinase, as also reported in the case of v-Src-induced neurite outgrowth in PC12 cells (Haefner and Frame, 1997) , indicating that PI 3-kinase is an important downstream eector of v-Src. Surprisingly, PI 3-kinase seems to be dispensable in v-Src-induced focus formation (Rodriguez-Viciana et al., 1997) or in the proliferation of vSrc constitutively transformed cells, such as NIH(MR31) at 358C (unpublished observations). These discrepant results might imply signi®cant dierences in v-Src signalling between quiescent and proliferating cells.
In conclusion, our data suggest that v-Src-induced entry into S-phase proceeds through activation of mitogenic eectors combined with down-regulation of growth inhibitory eectors via two relatively independent pathways: one acting on the control of mitogenic cascade activation and the other operating on Gas1 down-regulation. Both of them must be fully executed to achieve exit from quiescent state and entry into cell cycle. NIH(MR31) appear to represent an attractive model system to identify the critical steps involved in mitogenic signalling by v-Src, as well as to better understand how negative growth control by Gas1 can take over transformation-associated abnormal growth control.
Materials and methods
Retroviral vectors, cell lines and culture conditions
The retroviral vector MR31 was constructed by subcloning the v-src-containing EcoRI B fragment from the ts LA31A mutant (Fincham and Wyke, 1986) of the Prague strain of RSV (kindly provided by JA Wyke, Glasgow) in the unique EcoRI site of the MDR1 murine retroviral vector (Dotto et al., 1989) , under the control of the SV40 promoter/ enhancer. Both MDR1 and MR31 contain the G418 resistance gene.
The psi2 packaging cell line (kindly provided by V Sorrentino, Milano) was stably transfected with the above retroviral vectors using the calcium phosphate co-precipitation method, and helper free, replication-defective viruses were harvested from the cells after G418 selection, ®ltered through 0.45 mm Millipore ®lters and stored at 7808C.
The MDR1-infected polyclonal population, referred to as NIH(MDR1), was generated after selection with 0.5 mg/ml G418 and routinely grown in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 10% Foetal calf serum (FCS), penicillin/streptomycin and 2 mM glutamine; ts v-srctransformed cells, referred to as NIH(MR31), were selected at 358C, initially by growing the MR31-infected cells in DMEM plus 0.5% FCS. After 2 weeks, transformed cells had taken over, and the polyclonal population was propagated in DMEM plus 2% FCS at 358C. Although NIH(MR31) are G418-resistant, this procedure was required in order to keep a selective pressure on v-src expression.
For serum starvation, cells were shifted to 39.58C 2 ± 3 h after plating in 10% FCS; the following day the medium was changed to 0.5% FCS and the cells were further incubated for 48 h. DNA synthesis was induced in quiescent cells by either reactivating v-Src, shifting the cells to 358C, or adding 10% FCS, for 24 h. The percentage of nuclei in S-phase was determined either after a 24 h 20 mM bromodeoxyuridine (BrdU; Sigma) incorporation or after a 1 h pulse labeling with 50 mM BrdU at each point of the time course experiments. After labeling, cells were ®xed 20 min with 95% ethanol/5% acetic acid, treated 10 min with 1.5 M HCl, stained with an anti-BrdU monoclonal antibody (Amersham) followed by a rhodamine conjugated goat anti mouse antibody (Cappel). LY294002 (Calbiochem) and PD098059 (Calbiochem) were dissolved in DMSO at a concentration of 50 mM as a stock solution and kept at 7208C. LY294002 and PD098059 were added to quiescent NIH(MR31) at respectively 12 mM and 50 mM 30 min before shifting the temperature to 358C to reactivate v-Src.
Northern blotting
Ten mg of total RNA were resolved in 0.8% agarose/2.2 M formaldehyde gel, transferred onto supported nitrocellulose (Amersham) and hybridized at high stringency according to standard procedures. Probes were labeled with a random primed DNA labeling kit (Boehringer). The following restriction enzyme fragments were used as probes: the 1.2 kb fragment of mouse gas1, the 1.2 kb fragment of avian GAPDH, the 0.6 kb fragment of human max (kindly provided by R Eiseman, Seattle) Microinjection NIH(MR31) were seeded on coverslips (10 4 cells per cm 2 ) in 35-mm-diameter petri dishes, and cultivated at 39.58C in v-Src mitogenic signalling M Grossi et al 10% FCS. After 24 h, the percentage of FCS was reduced to 0.5% to induce growth arrest. After a further 24 h, cells were microinjected with pGDSV7-gas1 (100 ng/ml) or pGDSV7-huTR (100 ng/ml) by the Automated injection System (Zeiss) as described previously (Del Sal et al., 1992) . Twenty-four hours later, cultures were shifted to 358C to reactivate the v-Src tyrosine kinase, and induction of DNA synthesis was assayed by addition of 50 mM BrdU to the culture medium for 24 h. Cells were ®xed in paraformaldehyde (3% in PBS) at room temperature; after 20 min, the coverslips were washed with PBS, and cells were incubated for 5 min in 0.1 M glycine-PBS. Permeabilization was performed with 0.1% Triton X-100 in PBS for 4 min. To reveal the incorporated BrdU, the coverslip was treated with 50 mM NaOH for 10 s and immediately washed with PBS. Incubation with antibodies was performed at 378C in a wet chamber for 45 min. Gas1 was revealed by an anity-puri®ed anti-Gas1 rabbit antibody, followed by a goat-anti-rabbit FITC-conjugated antibody (SIGMA). BrdU was detected by an anti-BrdU (IgG2a) monoclonal antibody (Amersham), followed by a goat-anti-mouse IgG2a TRITC-conjugated antibody (Southern Biotechnology). hu-TR was recognized by the monoclonal antibody OKT9(IgG1), followed by goat-antimouse IgG1 FITC-conjugated antibody (Southern Biotecnology).
Immunoprecipitation and Western blotting
Cells were lysed on ice in 50 mM Tris HCl pH 8, 150 mM NaCl, 100 mM NaF, 1 mM EGTA, 1.5 mM MgCl 2 , 10% glycerol, 1% vol/vol Triton X-100, 1 mM sodium orthovanadate, containing freshly added protease inhibitors (1 mM phenylmethyl sulphonyl¯uoride, 10 mg/ml leupeptin and 5 mg/ml aprotinin). Lysates were clari®ed by 10 min centrifugation at 12 000 g at 48C and protein concentration determined by Bio-Rad Protein assay reagent (BioRad Laboratories). For immunoprecipitation experiments, anti-CH-shc (kindly provided by PG Pelicci, Milano) was adsorbed on Protein A Sepharose CL-4B (PAS; Pharmacia Biotech) and then incubated with 500 mg of total cell lysates for 90 min at 48C. Immune complexes were washed three times with cold NET-gel buer (50 mM Tris HCl pH 7.5, 150 mM NaCl, 1 mM EDTA pH 8, 0.1% v/v Nonidet P-40, 0.25% gelatin, 1 mM sodium orthovanadate plus protease inhibitors), eluted and denaturated by heating for 5 min in reducing Laemmli buer. For immunoblot analysis either immunoprecipitates or total cell lysates were resolved on 8% SDS ± PAGE and transferred onto nitrocellulose ®lter. After blocking nonspeci®c reactivity with 5% dry skimmed milk dissolved in TBS-T (20 mM Tris HCl pH 7.5, 150 mM NaCl, 0.02% Tween 20), ®lters were probed o/n at 48C with antigen speci®c antibodies: (i) mouse anti-phosphotyrosine antibody (UBI) diluted 1 : 1000; (ii) mouse anti-Shc antibody (kindly provided by PG Pelicci, Milano) diluted 1 : 500. The dilution buer for all the antibodies was TBS-T containing 5% dry skimmed milk. After extensive washing, immune complexes were detected with horseradish-peroxidase conjugated species-speci®c secondary antiserum (BioRad) followed by enhanced chemiluminescence reaction (Amersham). For the analysis of activated Erk1/Erk2 MAP kinases, protein samples were resolved on 10% SDS ± PAGE and transferred onto PVDF membrane (Amersham). After blocking non-speci®c reactivity with 5% dry skimmed milk dissolved in PBS-T (16PBS, 0.1% Tween-20), the ®lter was sequentially probed with rabbit antiphospho-MAPK antibodies (BioLabs) and rabbit anti-MAPK antibodies (BioLabs). Immune complexes were detected with alkaline phosphatase-conjugated goat antirabbit antiserum (BioLabs) followed by CDP-Star chemiluminescent reaction (BioLabs). For the analysis of Gas1 protein expression, cells were lysed in SDS reducing sample buer, clari®ed by centrifugation and boiled. Protein concentration was determined and 30 mg of total proteins were resolved on 12% SDS ± PAGE and electrically transferred to nitrocellulose. The ®lters were saturated with 5% dry skimmed milk dissolved in TBS-T for 1 h at room temperature. The primary antibody, an anitypuri®ed anti-Gas1 rabbit antibody, diluted 1 : 1000 in TBS-T+5% dry skimmed milk, was incubated o/n at 48C. After several washes with TBS-T, immune complexes were detected with a horseradish peroxidase-conjugated goat anti-rabbit antiserum (Bio-Rad) followed by enhanced chemiluminescence reaction (Amersham).
